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As a major output station of the basal ganglia, the
globus pallidus internal segment (GPi) projects to
the thalamus and brainstem nuclei thereby control-
ling motor behavior. A less well known fact is that
the GPi also projects to the lateral habenula (LHb)
which is often associated with the limbic system.
Using the monkey performing a saccade task with
positionally biased reward outcomes, we found that
antidromically identified LHb-projecting neurons
were distributed mainly in the dorsal and ventral bor-
ders of the GPi and that their activity was strongly
modulated by expected reward outcomes. Amajority
of them were excited by the no-reward-predicting
target and inhibited by the reward-predicting target.
These reward-dependent modulations were similar
to those in LHb neurons but started earlier than those
in LHb neurons. These results suggest that GPi may
initiate reward-related signals through its effects on
the LHb, which then influences the dopaminergic
and serotonergic systems.
INTRODUCTION
The internal segment of the globus pallidus (GPi) is the final out-
put station of the basal ganglia through which body movements
are controlled (DeLong, 1971). The GPi projects to themotor part
of the thalamus which is mutually connected with the motor and
premotor cortices and to subcortical motor structures such as
the pedunculopontine nucleus (Parent et al., 1999). The former
pathway may control learned body movements and the latter
pathway may control innate movements. Indeed, lesions of the
GPi lead to a variety of movement disorders including slowing
of movements (Horak and Anderson, 1984; Mink and Thach,
1991), dyskinesia (Crossman, 1987), and akinesia (Molinuevo
et al., 2003). Many GPi neurons change their activity when
animals or humans move particular parts of their body (DeLong
et al., 1985; Iansek and Porter, 1980). In short, the GPi is instru-
mental for the basal ganglia to control body movements.
One less-well-known fact is that the GPi also projects to the
lateral habenula (LHb), a small nucleus located above the thala-
mus at its posterior end close to themidline (Lecourtier andKelly,
2007). This is puzzling given the dominant motor role of the GPi.720 Neuron 60, 720–729, November 26, 2008 ª2008 Elsevier Inc.However, recent studies have shown that many neurons in the
basal ganglia encode nonmotor signals, especially in relation
to expected rewards (Hikosaka et al., 2006). This raises the
possibility that the projection from the GPi to the LHb might be
a key to link the basal ganglia and the limbic system providing
reward-related information.
Indeed, a recent study from our laboratory has shown that the
LHb neurons in monkeys are excited by a visual stimulus that
indicates absence of reward and inhibited by a stimulus that in-
dicates presence of reward (Matsumoto and Hikosaka, 2007).
This negative reward signal may contribute to the well-known
reward coding of dopamine neurons (Christoph et al., 1986;
Ji and Shepard, 2007; Matsumoto and Hikosaka, 2007).
To test the hypothesis that the GPi is a source of reward-
related information in the LHb, we used the antidromic stimula-
tion method to identify GPi neurons that projected to the LHb.
The activity of theses neurons was then examined while the
monkey was performing a visually guided saccade task with
positionally biased reward outcomes. The results showed that
LHb-projecting neurons were located mainly at the borders of
the GPi, had firing patterns different from movement-related
GPi neurons, and they changed their activity in relation to
expected rewards.
RESULTS
We identified LHb-projecting neurons by their antidromic activa-
tion from the LHb (Figure 1) using two rhesus monkeys (Macaca
mulatta), D and N. In each experiment we positioned the first
electrode at the LHb and made sure that its tip was within the
LHb by recording multi-unit activity related to rewards, as
described in Matsumoto and Hikosaka (2007). We then lowered
a second electrode from the putamen to theGP on the same side
as the LHb being recorded, while applying biphasic (negative-
positive) pulses of electric currents through the LHb electrode
periodically (every 0.5 s).
When an antidromically activated neuron was found, the mon-
key was asked to perform one-direction-rewarded task (1DR;
Figure 2A). In the task, a visual target was presented randomly
on the left or right, and the monkey had to make a saccade to
it immediately. Correct saccades were signaled by a tone
stimulus after the saccade. Saccades to one position were
rewarded, whereas saccades to the other position were not
rewarded. Thus, the target instructed the saccade direction
and also indicated the presence or absence of the upcoming
reward. The rewarded position was the same in a block of
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Lateral Habenula Projecting Pallidal Neurons24 consecutive trials and was then changed to the other position
abruptly for the next block with no external instruction. Both
monkeys showed significantly shorter saccade latencies in
rewarded trials than in unrewarded trials (Figure 2B) indicating
that they understood the position-reward contingencies.
Properties of LHb-Projecting GPi Neurons
A total of 74 GPi neurons were activated antidromically from
the LHb. The antidromic latency ranged from 1.3 to 6.8 ms (2.6 ±
1.0 ms, mean ± SD, see Figures S4A–S4C available online). The
antidromic collisions occurred with a mean latency of 3.2 ±
1.1 ms. The threshold current used for antidromic activation
ranged from 5 to 260 mA (115 ± 68 mA, see Figures S4D–S4F).
Figure 1D shows the LHb stimulating site where an electrode
track is visible in the LHb.
Antidromically activated neurons were found usually at the
border between the external segment of the globus pallidus
(GPe) and the GPi and the ventral border of the GPi (Figure S3).
As the electrode was advanced, the characteristic activity of
GPe neurons (high-frequency tonic firing and occasional pauses)
faded and then the characteristic activity of GPi neurons (high-
frequency tonic firing with no pause) grew larger. In this relatively
quiet GPe-GPi border region antidromically activated neurons
were found, often in a cluster of 2–3 neurons. A second group
of antidromically activated neurons were found at the ventral
border of the GPi where the characteristic GPi neurons became
sparse. In the following wewill call these antidromically activated
neurons ‘‘LHb-projecting GPi neurons.’’
To verify the location, we made electrolytic microlesions at the
recording sites of LHb-projecting GPi neurons. Two electrolytic
microlesion sites are visible in Figure 1C along the bottom of
Figure 1. Identification of LHb-Projecting GPi Neurons
(A) An antidromic spike (AD, drawn in the figure above) of a GPi
neuron evoked by an electrical stimulation of the LHb collided
with a spontaneous spike (Spnt) of the GPi neuron therefore was
not detected by the GPi electrode if the stimulation was delivered
soon after the spontaneous spike.
(B) Spike shapes of antidromically activated neurons (in purple)
and those of presumed motor neurons (in black).
(C) Locations of two LHb-projecting GPi neurons are shown as the
two electrolytic lesions along the bottom electrode track. Another
LHb-projecting neuron was located along the middle track, which
was visible in adjacent sections (see Figure S2A).
(D) Recording/stimulation site in the right LHb. An electrode tract,
which was used for recording and stimulation, is visible in the LHb.
iml, internal medullary lamina; eml, external medullary lamina;
Pu, putamen; OT, optic tract; LHb, lateral habenula; MHb, medial
habenula. Both are coronal sections. White horizontal bars
indicate 1 mm.
the three electrode penetrations: one being at the
GPe-GPi border (anatomically called the internal med-
ullary lamina) and the other in the middle of the GPi
which corresponds to a structure called the accessory
medullary lamina. Other LHb-projecting neurons were
also located in the internal medullary lamina, which are
visible in adjacent sections (Figure S2). None of the
LHb-projecting neurons were found at the border be-
tween the putamen and the GPe, a region called the external
medullary lamina.
We found that the LHb-projecting neurons were electrophysio-
logically different from other GPi neurons that were not activated
antidromically and were presumed to be related to body move-
ments (see Supplementary Note A). The LHb-projecting GPi
neurons had a mean baseline firing rate of 33 ± 20 spikes/s,
which is lower than that of the presumed motor GPi neurons
(77 ± 16 spikes/s, see Supplemental Data; p < 0.01, ANOVA).
The duration of spikes of the LHb-projecting GPi neurons, de-
fined as the time interval between the first and second negative
peaks of the spike, was generally longer (0.55 ± 0.1 ms; purple
waveforms in Figure 1B) than that of the motor GPi neurons
(0.46 ± 0.04ms; black waveforms in Figure 1B; p < 0.01, ANOVA).
About two-thirds of LHb-projecting GPi neurons (49/74, 66%)
showed significant modulations of their firing rate after the onset
of the target. One example is shown in Figure 3A. The neuron
increased its activity phasically after the appearance of the
saccade target indicating the absence of upcoming reward
and decreased after the appearance of the target indicating
the presence of upcoming reward. The increase and decrease
depended on the reward contingency, regardless of target posi-
tion. We call this type of modulation ‘‘reward negative type.’’ This
neuron was antidromically activated (Figure 3C) from the LHb
where we recorded the multiunit activity shown in Figure 3B.
Interestingly, neurons in the LHb where the stimulation was
applied showed similar reward-related changes in activity (Fig-
ure 3B). For both the GPi neuron and the LHb multiunit, the
responses to the target were phasic and did not continue until
the outcome (reward or no reward) and their responses to the
outcome were weak, if any.Neuron 60, 720–729, November 26, 2008 ª2008 Elsevier Inc. 721
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in an opposite manner to the one described above, increasing
their activity in response to the reward-predicting target and de-
creasing to the no-reward-predicting target. We call this ‘‘reward
positive type.’’ One example is shown in Figure 4A. This neuron’s
response to the reward-predicting target grew slowly and ended
slowly after the outcome.
Some of the LHb-projecting GPi neurons responded to the
target differentially depending on its direction, as shown in
Figure 4B. This neuron was similar to the one in Figure 3A, but
the excitation by the no-reward-predicting target occurred only
when the target was presented on the ipsilateral side to the
recording site.
Population Properties of LHb-Projecting GPi Neurons
Do the LHb-projecting GPi neurons and the LHb neurons encode
expected reward and target positions differently? Figure 5 sug-
gests an answer to this question. Here we plotted, for each neu-
ron, the difference of response to the target between rewarded
and unrewarded trials (abscissa) and contralateral and ipsilateral
trials (ordinate), separately for the GPi neurons (Figure 5A) and
the LHb multiunits (Figure 5B; see Figure S5 for single-unit LHb
data). For both the GPi neurons and the LHb neurons, reward-
dependent activity modulation was larger than position-
dependent modulation, but more so among the LHb neurons.
The reward-dependent modulation was negative for some GPi
neurons (as shown in Figure 3A) and positive for other GPi neu-
rons (as shown in Figure 4A). In contrast, the reward-dependent
modulation was exclusively negative for the LHb neurons.
To test this impression, we performed two-way analysis of var-
iance (ANOVA) (target position [contralateral versus ipsilateral]3
reward contingency [reward versus no reward]) for each neuron.
Of the 74 LHb-projecting GPi neurons, 29 neurons showed a
reward-only modulation (red dots in Figure 5A; main effect of
Figure 2. Behavioral Task and Animals’ Performance
(A) Sequence of events in the one-direction-rewarded version of
the visually guided saccade task (1DR). The monkey first fixated
at the central spot (the dotted circle indicates the eye position).
As the fixation point disappeared, a target appeared randomly
on the right or left and themonkeywas required tomake a saccade
to it immediately. Correct saccades in one direction were followed
by a tone and juice reward; saccades in the other direction
followed by a tone alone. The rewarded direction was fixed in
a block of 24 trials, and was changed in the following block.
(B) Distribution of saccade latencies in rewarded trials (in red) and
in unrewarded trials (in blue) (data from monkey D). Saccades in
the first trials after the changes in position-reward contingency
have been excluded.
reward contingency, p < 0.01), 20 neurons also
showed direction related modulation on top of reward
modulation (green dots; main effect of both reward
contingency and target position, p < 0.01), and 5 neu-
rons showed a direction-only modulation (blue dots;
main effect of target position). About one-fourth of the
LHb-projecting GPi neurons (n = 20) did not show any
significant modulation to either reward or position
(yellow dots). In contrast, LHb neurons were predominantly
modulated by reward contingency only (n = 26, red dots in
Figure 5B) or by both reward and position (n = 7, green dots).
To further characterize the reward-related property of the
LHb-projecting GPi neurons, we categorized them into three
groups, namely, (1) negative type, represented by the red
and green dots on the left side of Figure 5A, (2) positive type,
represented by the red and green dots on the right side of
Figure 5A, and (3) reward-unrelated type, represented by the
yellow and blue dots in Figure 5A. Figures 6A and 6B show
the population average spike density functions of the negative
and positive groups, respectively. The negative type GPi neu-
rons (n = 37, 50%), as a majority, responded with a phasic
increase of firing after the onset of the no-reward-predicting
target, and with a phasic decrease of firing after the onset of
the reward-predicting target (ANOVA, p < 0.01; Figure 6A).
Both responses were phasic and did not continue until the re-
ward outcome. Thus, the response pattern of the negative type
GPi neurons was very similar to that of the LHb neurons
(Figure 6C). The positive type GPi neurons (n = 12, 16%) acted
in an opposite manner, increasing their firing rate after the
reward-predicting target and decreasing after the no reward-
predicting target (ANOVA, p < 0.01; Figure 6B). The increasing
response to the reward-predicting target continued until the
reward delivery, as seen in the example neuron shown in
Figure 4A.
A close examination revealed that the activity of the GPi neu-
rons reflected reward prediction error. Note that during the 1DR
task the reward outcome was predictable by the position of the
target, except for the first trial of a new block where the position-
reward contingency reversed. As represented by the thick blue
and red lines in Figure 6A, the negative type GPi neurons showed
no responses to the outcome, except for the first trial (thin
blue and red lines in Figure 6A). The thin blue line indicates the722 Neuron 60, 720–729, November 26, 2008 ª2008 Elsevier Inc.
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(as indicated by a decrease in activity after target onset in Fig-
ure 6A), but there was no reward unexpectedly (as indicated
by an increase in activity after the outcome). The thin red line in-
dicates the neuronal activity when the monkey had been expect-
ing no reward (as indicated by an increase in activity after target
onset), but there was a reward unexpectedly (as indicated by
a decrease in activity after the outcome). Similar reward predic-
tion-related activity changes were observed in the LHb neurons
(Figure 6C). A further analysis of within-block neural changes is
presented in the next section.
The antidromic activation of GPi neurons from the LHb sug-
gests that the GPi neurons project their axons to the LHb and
possibly have synaptic contacts with LHb neurons. However, it
does not necessarily indicate that the activity changes in the
LHb neurons were initiated by the inputs from the GPi. To inves-
Figure 3. LHb-Projecting GPi Neuron with Negative
Reward Modulations
(A) Changes in spike activity of a GPi neuron while the monkey
was performing 1DR task, shown separately for the contralat-
eral target (left) and the ipsilateral target (right). For each
saccade direction, rasters of spikes (dots, top) and spike den-
sity functions (SDFs; graphs, bottom) are aligned at the onset
of target (left) and at the onset of outcome (tone) (right). The
rasters are shown in order of occurrence of trials for each
direction from bottom to top. Rewarded trials are indicated
by red bars on the left side of the raster; unrewarded trials
are indicated by blue bars. The gaps in the raster indicate the
change of blocks and the raster for the first trial of each block
is shown in red. The SDFs are shown for each reward contin-
gency (red, rewarded trials; blue, unrewarded trials). The first
trial in each block is not included for the SDF. The GPi neuron
showed an excitation in response to a no-reward-predicting
target and inhibition to a reward-predicting target. This neuron
was antidromically activated from the LHb site where the LHb
multi-unit 31 (shown in [B]) was recorded.
(B) The LHb multiunit activity was similar to the activity of the
LHb-projecting GPi neuron in (A).
(C) Antidromic spikes (top) and collision (bottom) of the
LHb-projecting GPi neuron shown in (A).
tigate this issue, we examined the latency at which
each of the three groups of neurons started differ-
entiating their activity depending on the expected
reward outcome (see Experimental Procedures
for details). Figure 6D shows the percentage of
the negative type GPi neurons that discriminated
the reward/no-reward contingency after target on-
set. The percentage increased abruptly and ex-
ceeded the criterion level of significance (indicated
by gray line, p = 0.01) at 115 ms after target onset.
The discrimination latency for the positive type GPi
neuronswas 163ms (Figure 6E). The discrimination
latency for the LHbneuronswas 135ms (Figure 6F).
These results suggest that the negative type GPi
neurons, but not the positive type GPi neurons,
could initiate the reward-related activity in LHb
neurons. This also means that the negative type
neurons may have an excitatory influence on the LHb (see
Discussion).
Within-Block Changes of Neural
and Behavioral Responses
The changes of neural and the corresponding behavioral
responses within a block were examined. Figures 7A and 7B
show the neural responses after the change of the position-
reward contingency in different groups of LHb-projecting GPi
neurons (upper four rows) and LHb neurons (fifth row). The
reward-negative GPi neurons and LHb neurons showed similar
patterns of within-block changes. The similarity includes the
post-reward delivery response, where the neurons showed
differential responses depending on the presence or absence
of reward only on the first trial in a block. This demonstrates
that these neurons encode reward prediction error. TheNeuron 60, 720–729, November 26, 2008 ª2008 Elsevier Inc. 723
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get response changes, but with no clear first-trial-specific post-
reward responses. The null group also showed some postreward
responses as the reward-positive neurons, suggesting that the
null group may also play some yet unspecified roles. Figure 7C
shows the changes of saccadic latency toward the target.
DISCUSSION
We have shown that LHb-projecting GPi neurons changed their
activity differentially depending on the expected reward. Their
activity was sometimes differential for the direction of the
saccade target, but such changes were smaller than their
pronounced reward-related activity. The LHb-projecting GPi
neurons were different from other GPi neurons in that their firing
Figure 4. LHb-Projecting GPi Neurons with
Other Types of Modulation
(A) Neuron with positive reward modulation.
(B) Neuron with direction selectivity.
(C and D) The antidromic activation and collision cor-
responding to the neurons in (A) and (B), respectively.
The convention of the figures is the same as the one in
Figure 3.
rates were lower, their spike durations were
longer, and they were located peripherally
in the GPi. The recording sites were exactly
as expected from a series of anatomical
studies on the monkey conducted by Parent
and his colleagues (Parent et al., 2001).
These results suggest that the LHb-
projecting neurons are a distinct group of
GPi neurons, as suggested anatomically
(Parent et al., 2001).
These properties of the LHb-projecting GPi
neurons appear similar to ‘‘border cells’’
described byDeLong and his colleagues (De-
Long, 1971; Richardson and DeLong, 1991),
so called because they were found at the
border of the GP. The border cells tended to
be activated by the delivery of rewards (as
we saw in the LHb-projecting GPi neurons)
or aversive air puffs. However, these authors
interpreted the border cells as part of the nu-
cleus basalis ofMeynert which projects to the
cerebral cortex (Richardson and DeLong,
1991). The border cellswere examined further
in subsequent studies, especially in relation to
dopaminergic denervation (Tremblay et al.,
1989). While the relationship of the border
cells with the LHb is unknown, we speculate
that at least a subset of these neurons corre-
spond to the LHb-projecting GPi neurons
examined here.
Another line of evidence for the reward
processing in the GP came from a series of
studies showing that some GPi neurons
are sensitive to glucose and change their activity in relation to
consummatory behavior (Karadi et al., 1995). Such glucose-
sensitive neurons were found in the ventromedial and rostral
part of the GPi in the rat and monkey, which roughly matches
the location of LHb-projecting neurons.
According to Parent et al. (2001), LHb-projecting neurons
constitute about 10% of the total number of neurons in the
GPi. Would such a minority of GPi neurons play a significant
role in controlling behavior? There are at least two lines of
research that may support this view. First, human patients with
pallidal lesions often show nonmotor symptoms, although the
most common symptoms are movement disorders. Even when
the patients have no obvious sensorimotor symptoms, they
may show a lack of will, motivation, and desire (Miao et al.,
2001; Miller et al., 2006), or show psychiatric symptoms724 Neuron 60, 720–729, November 26, 2008 ª2008 Elsevier Inc.
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compulsive disorder (Laplane et al., 1989). Second, human brain
imaging studies have shown that the GPi is related to reward
processing. They report that the ventral striatum (especially the
nucleus accumbens) and the dorsal striatum (Knutson and
Cooper, 2005) are commonly activated by expected rewards.
In many cases, however, the GPi was also activated (Calder
et al., 2007; Pessiglione et al., 2007), although in some cases
it was not stated so explicitly (Kampe et al., 2001; Kim et al.,
2006; Tanaka et al., 2007; Tobler et al., 2007). These motivation-
or reward-related observations on the human GP might reflect
changes in the state of the LHb-projecting GPi neurons.
If this is true, how might the LHb-projecting GPi neurons
participate in controlling behaviors? We found that there are
at least two types of neurons in relation to reward: one negative
type (excited by no-reward-indicating targets and inhibited by
reward-indicating targets) and the other, positive type (excited
by reward-indicating targets and inhibited by no-reward-
indicating targets). The response pattern of the negative type
GPi neurons was similar to that of the LHb neurons (Figures
6A and 6C) and more critically, the responses to the target
started earlier in the negative type GPi neurons than in the
LHb neurons. The similarity between the two groups of neurons
extends to the responses to the reward prediction error: they
were excited by the unexpected absence of reward (i.e., on
the first trial after the position-reward contingency), but not
by the expected absence of reward, and were inhibited by
the unexpected presence of reward. These data, showing the
two groups of neurons having similar phase of activation
even at the first trial of a block, are consistent with the idea
that the negative type GPi neurons have excitatory connec-
tions to LHb neurons. In contrast, the positive type GPi neurons
started showing reward sensitivity later than that of LHb
neurons and did not clearly encode reward prediction error.
They are thus unlikely to initiate the reward-related
responses in LHb neurons but could contribute to the later
part of the LHb responses.
The suggested excitatory GPi-LHb connection in this study is
somewhat puzzling, because a general consensus seems to be
that this connection is GABAergic and inhibitory, in the sameway
as the other GPi efferents are (Vincent et al., 1982). One possibil-
ity is that the excitatory connection is mediated by acetylcholine,
as the LHb receives input from the cholinergic nucleus basalis of
Meynert and ventrolateral septum (Herkenham and Nauta,
1977). This is consistent with the finding that some of the LHb-
projecting neurons in the rostral part of the entopeduncular
Figure 6. Population Activity
(A–C) Population responses of LHb-projecting
GPi neurons with negative reward modulations
([A], n = 37), LHb-projecting GPi neurons with
positive reward modulations ([B], n = 12), and
LHb neurons ([C], n = 35). The SDFs are shown
for each reward contingency (red, rewarded trials;
blue, unrewarded trials). Thick curves indicate
activity excluding the first trial in each block. Thin
curves indicate activity in the first trial in each
block. The two vertical green lines show the time
window used to test these responses.
(D–F) Time-varying proportion of neurons that
showed significantly different activity between
rewarded trials and unrewarded trials for the three
neuron groups corresponding to (A)–(C). The gray
lines in (D)–(F) indicate the criterion level (p = 0.01).
Time 0 indicates target onset. See Experimental
Procedures for details.
Figure 5. Direction and Reward Modulations
(A) LHb-projecting GPi neurons.
(B) LHb multiunits. For the posttarget responses of
each neuron, the direction-dependent modulation
(vertical axis) and the reward-dependent modulation
(horizontal axis) are plotted (see Experimental Proce-
dures for details). Red, blue, and green dots indicate
the neurons modulated by the reward only, direction
only and both reward and direction, respectively
(p < 0.01, ANOVA). Yellow dots indicate neurons with
no modulation (p > 0.01, ANOVA). The marginal histo-
grams show the distributions along the axes. Filled
bars indicate neurons with statistically significant
posttarget responses (p < 0.01, Wilcoxon signed-
rank test). Open bars, neurons with no significant
posttarget responses.Neuron 60, 720–729, November 26, 2008 ª2008 Elsevier Inc. 725
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zumi and Hattori, 1992). Another candidate is glutamate, as a
relatively high level of AMPA receptor subtypes was found in
the LHb (e.g., Petralia and Wenthold, 1992). It is also possible
that the excitatory effect is due to disinhibition such that intra-
LHb interneurons, which exert tonic inhibition on LHb neurons,
are inhibited by the input from GPi neurons. While the current
evidence indicates a possible excitatory connection between
the GPi and the LHb, the exact nature of this pathway needs
further investigation.
While the negative type GPi neurons had a similar response
pattern to that of LHb neurons, a closer examination revealed
that many of them were modulated also by the direction of the
target (Figure 5A) unlike LHb neurons (multiunit activity in
Figure 5B, single unit activity in Figure S5). This suggests that
sensorimotor signals, which the GPi neurons have, are removed,
and instead reward-related signals are extracted presumably by
some LHb local connections. We think that these reward-related
signals may originate from the dorsal striatum (caudate and
Figure 7. Within-Block Changes of Neural and Behavioral
Responses
Changes in averaged post-target responses (A), averaged reward
on-off responses (B), and averaged saccade latency (C) after the
reversal of position-reward contingency are shown. Red and blue
circles indicate the data in rewarded and unrewarded trials, respec-
tively. In (A) and (B), the data from monkey D and N as well as from
ipsilateral and contralateral saccades are combined. (C) is from mon-
key D. Error bars indicate SEM.
putamen), for the following reasons. First, Tremblay
(Tremblay and Filion, 1989) showed that border cells in
the monkey GP, which might correspond to the LHb-
projecting GPi neurons (see above), were strongly excited
or inhibited by electrical stimulation in the caudate and
putamen. Second, Saleem et al. (2002) found a strong
projection from the monkey striatum to the LHb, probably
via the GPi, after injecting an MRI visible anterograde
transsynaptic transport agent manganese in the monkey
caudate and putamen.
However, it is unlikely that the dorsal striatum is the only
source of inputs to the LHb-projecting GPi neurons. The
ventral striatum, including the nucleus accumbens and
the ventral putamen, projects to the GPi, specifically to
its peripheral regions (Haber et al., 1990). Also the dopa-
minergic innervation of the monkey GP is conspicuously
high in the peri-GPi region (Lavoie et al., 1989). These
ventral striatal and dopaminergic projections match the
anatomical locations of the LHb-projecting neurons.
Thus, the LHb-projecting GPi neurons may integrate
a number of signals ranging from motivation (via the ven-
tral striatum), reinforcement (via dopamine neurons), and
the reward value of a target in a motor context (via the
caudate and putamen).
In conclusion, our data suggest that the GPi has two
functionally distinct outputs, one involved inmotor execu-
tion and the other involved in reward evaluation (Figure 8).
The motor execution pathway consists of striatum/GPi/thal-
amus/brainstem connections. The reward evaluation pathway
consists of striatum/GPi/LHb/dopamine/striatum con-
nections. Along this extrabasal ganglia pathway, sensorimotor
information is removed, and reward information is extracted at
the GPi / LHb level. This reward evaluation signal is then
used to reinforce/discourage the ongoing action via the dopa-
mine projections to the striatum. The same signal may also be
used to control mood and social behaviors via the projections
of the LHb to the dorsal and median raphe nuclei which contain
serotonin neurons (Kalen et al., 1989).
EXPERIMENTAL PROCEDURES
Three rhesusmonkeys (Macacamulatta), D, S, and N, were used as subjects in
this study. The monkey S was used only for the anatomical study. All animal
care and experimental procedures were approved by the National Eye Institute
and Institute Animal Care and Use Committee and complied with the Public
Health Service Policy on the humane care and use of laboratory animals.726 Neuron 60, 720–729, November 26, 2008 ª2008 Elsevier Inc.
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Behavioral tasks were the same as the ones described previously (Matsumoto
and Hikosaka, 2007). The monkey was seated in a primate chair in a dimly lit
room. Visual stimuli were rear-projected by a projector onto a frontoparallel
screen 33 cm from the monkey’s eyes. Eye movements were monitored using
a scleral search coil system with 1 ms resolution. The monkey was trained to
perform a one-direction-rewarded version of the visually guided saccade task
(Lauwereyns et al., 2002), 1DR (Figure 2A). A trial started when a small fixation
spot appeared on the screen. After the monkey maintained fixation on the spot
for 1000 ms, the fixation spot disappeared and a peripheral target appeared at
either the right or left side, 15 from the fixation spot. Themonkey was required
tomake a saccade to the target within 500ms. Correct and incorrect saccades
were signaled by a tone and a beep 200 ms after the saccade, respectively.
Within a block of 24 trials, saccades to one fixed direction were rewarded
with 0.3 ml of apple juice while saccades to the other direction were not
rewarded. The position-reward contingency was reversed in the next block
with no external instruction. Even in the unrewarded trials, the monkey had
to make a correct saccade; otherwise, the same trial was repeated. In
rewarded trials a liquid reward was delivered which started simultaneously
with the tone stimulus.
Electrophysiology
One recording chamber was placed over the midline of the parietal cortex,
tilted posteriorly by 40, and was aimed at the habenula; the other recording
chamber was placed over the frontoparietal cortex, tilted laterally by 35,
and was aimed at the GPi. Single-unit recordings and electrical stimulations
were performed using tungsten electrodes (Frederick Haer) that were ad-
vanced by an oil-driven micromanipulator (MO-97A, Narishige). The recording
and stimulation sites were determined using a grid system, which allowed re-
cordings at every 1 mm between penetrations. The electrode was introduced
Figure 8. Circuit Diagram ShowingMutual Relationship between the
Lateral Habenula (LHb) and the Basal Ganglia
The GPi has two functionally distinct outputs, one for motor execution (via the
motor thalamus or brainstem nuclei) and the other for reward evaluation (via
LHb). Note that saccadic eye movements are controlled by the substantia
pars reticulata (not shown), instead of the GPi. Excitatory, inhibitory, and
modulatory connections are illustrated with arrow heads, filled circles, and
half circles, respectively. LHb-SNc/VTA connectionmay not bemonosynaptic.
STR (striatum), SNc (substantia nigra compacta), VTA (ventral tegmental area).
Negative reward prediction error (N-RPE) signals, in addition to other signals,
are transmitted from the GPi through the LHb to the SNc/VTA which then
sends positive reward prediction error (P-RPE) signals to the STR and other
structures. See text for further discussion.into the brain through a stainless steel guide tube, which was inserted into
one of the grid holes and then to the brain via the dura. For finer mapping of
neurons, we also used a complementary grid, which allowed electrode
penetrations between the holes of the original grid. The activity of single
neurons was recorded using tungsten electrodes (Frederick Haer Company,
Bowdoinham, ME, diameter 0.25 mm, 1–3 M Ohm). The signal was amplified
with a band-pass filter (200 Hz–5 kHz; BAK, Mount Airy, MD) and collected at
1 kHz via custom-made window discriminator (MEX). Single neurons were
isolated on-line using a custom voltage-time window discrimination software
(MEX, LSR/NEI/NIH).
Antidromic Activation and Collision
For the stimulation of the LHb, the position of the LHbwasmapped first byMRI
(4.7T, Bruker). The electrophysiological features of the LHb (Matsumoto and
Hikosaka, 2007) were also used to locate the LHb. After finding the LHb, the
1DR task was performed and the multiunit activity of the LHb was recorded.
After finishing the recording, the LHb electrode was connected to the stimula-
tor (S88, Grass Technologies). The stimulating electrode together with the
micromanipulator was shielded with insulated aluminum foil grounded to the
dura to attenuate the artifact generated by the stimulation. For stimulation,
we delivered biphasic negative-positive pulse with 0.2 ms per phase duration
between the LHb electrode and the guide tube. The default setting of the stim-
ulation current was 200 mA for the monkeys D and S, and 300 mA for monkey N.
When an antidromically activated neuron was found, the current was lowered
to examine the threshold current.
While the stimulation was triggered automatically every 0.5 s, the GPi elec-
trode was lowered. The electrode traveled through the Putamen, GPe, and
GPi. During the periodic stimulations and advancement of the electrode, we
examined any sign of spikes occurring at a fixed time after stimulation using
a custom-made antidromic software (MEX/LSR/NEI/NIH). When a spike was
found that occurred consistently with a fixed latency, we tried to isolate the
spike from background activity using a voltage-time window discrimination
software (MEX/LSR/NEI/NIH) and then triggered the LHb stimulation by the
isolated and spontaneously occurring spike detected at the GPi electrode.
The collision test was done by changing the latency between the spontaneous
GPi spike and the LHb stimulation. If the stimulation-evoked GPi spike disap-
peared after decreasing the prestimulation latency, the spike was considered
to be activated antidromically, provided that this collision latency was longer
than the antidromic latency by about 0.3 ms (absolute refractory period).
Then, the GPi neuron whose spike was activated antidromically was consid-
ered to project to the LHb. We then recorded the activity of the LHb-projecting
GPi neuron while the monkey was performing the 1DR task. If the GPi neuron
remained stable, we recoded the activity of the GPi neuron and the multiunit
activity of LHb neurons simultaneously.
Histology
The monkey S was used for the anatomical study. Using the antidromic
activation and collision test described above, LHb-projecting neurons were
identified. Upon the identification, an electrolytic microlesion was made by
passing a negative current of for 40 s. A total of seven lesions were made,
and all of the lesion sites were identified after staining. After the conclusion
of the experiment, the animal was deeply anaesthetized with an overdose of
pentobarbital sodium and perfused with 10% formaldehyde. The brain was
blocked and equilibrated with 10% sucrose. Frozen sections were cut every
50 mm in the plane parallel to the electrode penetration into the GPi. The
sections were stained with cresyl violet.
Statistical Analysis
We defined the posttarget response as the average discharge rate during
150–350 ms period after the target onset minus the background discharge
rate measured during the 1000 ms before the fixation point appeared. The re-
ward response was defined as the average discharge rate during 150–350 ms
after the onset of the tone stimulus (which was synchronized with reward onset
if reward was present) minus the background discharge rate. We set the time
windows such that they included major parts of the excitatory and inhibitory
responses of both LHb and LHb-projecting GPi neurons.Neuron 60, 720–729, November 26, 2008 ª2008 Elsevier Inc. 727
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Lateral Habenula Projecting Pallidal NeuronsTo evaluate the relative contribution of reward contingency (reward or no
reward) and target position to the posttarget response, we first calculated
‘‘reward modulation’’ and ‘‘direction modulation’’ as following.
Reward modulation = posttarget responses on rewarded trials 
posttarget responses on unrewarded trials (both directions combined).
Direction modulation = posttarget responses on contralateral trials 
posttarget responses on ipsilateral trials (rewarded and unrewarded
combined).
Using a two-way ANOVA (target position [contralateral versus ipsilateral] 3
reward contingency [reward versus no reward]) (p < 0.01) we classified LHb-
projecting GPi neurons into five groups: (1) reward-only type, neurons that
showed a main effect of reward contingency only; (2) position-only type,
neurons that showed amain effect of target position only; (3) reward & position
type, neurons that showed main effects of reward contingency and target
position; (4) reward-position interaction type; and (5) unmodulated type,
neurons that showed no main effect. Of the 74 neurons, 5 neurons showed
significant interaction effect. See Supplementary Note E and Figure S6 for
further details.
Those neurons that showed significant reward modulations (i.e., reward-
only type and reward & position type) were further classified into (1) positive
type, if their reward modulation had positive values, and (2) negative type, if
their reward modulation had negative values. To further verify this classifica-
tion of negative type and positive type, we compared this with the area under
the curve (AUC) values of the ROC (receiver-operator-characteristic). All the
positive type neurons had average AUC larger than 0.5, and the negative
type neurons had average AUC less than 0.5.
We determined the latency of reward-dependent modulation for each of the
three groups of neurons: negative type GPi neurons, positive type GPi neu-
rons, and LHb neurons. First, we quantified for each neuron, at each time point
after target onset, how much its activity is different between rewarded trials
and unrewarded trials. For this purpose, we computed spike density function
(SDF) for each trial. Based on the trial-by-trial SDFs, we computed an ROC
(receiver-operator-characteristic) value at every 1 ms bin, starting from
1000ms before target onset till 1000ms after target onset. Using the two-tailed
permutation test, we determined whether the ROC value comparing the
rewarded and unrewarded trials was significantly separated from the ROC
value based on the shuffled data (p < 0.01, with 1000 permutations). If the sig-
nificant difference held true for 25 consecutive time bins (25 ms), we judged
that the neuron showed significant reward-dependent modulation during the
25 ms period. This method efficiently eliminated occasional blips that reached
the significance level (on average, 1% of the examined period is expected to
be significant by definition.). Then, for each group of neurons, we counted
the number of neurons, at each time bin, that showed reward-dependent mod-
ulation. The latency of the reward-dependent modulation for each group of
neurons was determined at the time point when the number of neurons that
showed the reward-dependent modulation significantly exceeded the control
variation level (an upper 1% standard deviation level based on the data during
the 1000 ms pre-target period) for at least 25 consecutive time bins (25 ms,
because of the same reason described above).
SUPPLEMENTAL DATA
The Supplemental Data include six figures and supplemental text and can
found with this article online at http://www.neuron.org/supplemental/
S0896-6273(08)00837-4.
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